Lipid droplets (LDs) are increasingly recognized as critical organelles in signalling events, 28 transient protein sequestration and inter-organelle interactions. However, the role LDs play in 29 antiviral innate immune pathways remains unknown. Here we demonstrate that induction of 30 LDs occurs as early as 2 hours post viral infection, is transient, and returns to basal levels by 31 72 hours. This phenomenon occurred following viral infections, both in vitro and in vivo. 32 Virally driven LD induction was type-I interferon (IFN) independent, however, was 33 dependent on EGFR engagement, offering an alternate mechanism of LD induction in 34 comparison to our traditional understanding of their biogenesis. Additionally, LD induction 35 corresponded with enhanced cellular type-I and -III IFN production in infected cells, with 36 enhanced LD accumulation decreasing viral replication of both HSV-1 and Zika virus 37 (ZIKV). Here, we demonstrate for the first time, that LDs play vital roles in facilitating the 38 magnitude of the early antiviral immune response specifically through the enhanced 39 modulation of IFN following viral infection, and control of viral replication. By identifying 40 LDs as a critical signalling organelle, this data represents a paradigm shift in our 41 understanding of the molecular mechanisms which coordinate an effective antiviral response. 42 48
Introduction
Lipid droplets (LDs) are storage organelles that can modulate lipid and energy homeostasis, 44 and historically, this was considered their defining role. More recently, LDs have emerged as 45 a dynamic organelle that frequently interact with other organelles and are involved in protein 46 sequestration and transfer between organelles. LDs have also been demonstrated to act as a 47 scaffolding platform to regulate signalling cascades, highlighting their diverse functions [1] [2] [3] [4] . was able to significantly enhance the production of IFN-β and IFN-λ protein by as much as 182 2.6 and 3.6-fold in the presence of dsRNA and 2.0 and 2.1-fold in the presence of dsDNA. 183 Interestingly, the production of both IFN-β and IFN-λ was much greater following 184 stimulation with dsDNA in comparison to dsRNA in the astrocyte, with IFN-λ being the 185 dominantly expressed IFN species. 186 Next, we assessed the host antiviral response to viral infection, in the presence of enhanced 187 LDs. LD loaded cells, when challenged with ZIKV demonstrated a 3.5-fold increase in the 188 production of IFN-β mRNA at 24 hours and a small but significant increase of 1.7-fold at 48 189 hours post-infection when compared with control infected cells ( Fig. 5A ). IFN-λ followed a 190 similar trend showing a 3.3 and a 2.2-fold increase at 24 and 48 hours respectively ( Fig. 5A ), 191 and a 5-fold increase in IFN-λ mRNA at just 6 hours post-infection. Interestingly, when 192 looking at the production of a key antiviral signalling and LD resident protein, viperin, cells 193 with enhanced LDs showed a significant increase in mRNA at 6, 24-and 48-hours post ZIKV 194 infection. Cells infected with the dsDNA virus, HSV-1 also showed a similar trend, where the 195 production of mRNA for both IFN-β and IFN-λ as well as viperin were enhanced in cells pre-196 treated with oleic acid (Fig. 5B ). These results correlated well with a reduced viral load of 197 both ZIKV and HSV-1 at 24 hours (6.3-fold and 2.3-fold for ZIKV and HSV-1 respectively) 198 ( Fig. 5C and 5D ) and at 48 hours post infection (1.4-fold decrease in ZIKV mRNA and a 2.6-199 fold decrease in HSV-1 ( Fig. 5C and 5D) ). This reduction in viral load for ZIKV coincided 200 with a significantly enhanced level of both IFN-β and IFN-λ production by the astrocytes 201 with upregulated LDs (Fig. 5E ).
203
Lipid droplets accumulate in response to IFN, despite initial accumulation being type-I 204 IFN independent 205 Detection of aberrant nucleic acid in cells drives a rapid interferon response 21 . In order to 206 determine if LD induction following the detection of intracellular nucleic acids required the 207 production of IFN, we stimulated Vero cells, which lack the ability to produce IFN due to 208 spontaneous gene deletions 22,23 , with both dsRNA and dsDNA. Both LD number and size 209 were significantly upregulated in Vero cells at 8 hours post-stimulation (Fig. 6A, 6B and 210 Supplementary Fig. 5 ), indicating that this is an IFN independent event. As can be seen in figure 6C and 6D, LDs were significantly induced by up to 4.5-fold following interferon 212 stimulation. To show this in a more physiologically relevant setting, astrocyte cells were 213 treated with dsRNA and dsDNA and left to produce IFNs for 24 hours, and their conditioned 214 media was removed and placed on untreated astrocyte cells. Conditioned media from cells 215 stimulated with dsRNA was also shown to induce LDs by 6.3-fold, a similar level to that 216 induced by 1000 U/mL of IFN-β ( Fig 6E) . Interestingly, conditioned media from cells 217 stimulated with dsDNA showed no increase in LD numbers (Fig. 6E) , perhaps indicating the 218 presence of an inhibitor of LD induction. To confirm that it was the presence of secreted 219 IFNs in the conditioned media alone, that was driving the production of LDs, we took 220 conditioned media from both dsRNA and dsDNA stimulated astrocytes and Vero cells at 24 221 hours following stimulation and placed it back onto untreated cells. As the Vero cells lack the 222 ability to secrete type-I IFNs, we expected to see no induction of LDs in cells receiving 223 conditioned culture media from these cells, which we observed (Fig. 6F ). The induction of 224 LDs was only driven with the addition of dsRNA conditioned media removed from astrocytes 225 and placed onto both naive astrocytes and Vero cells. Interestingly, the addition of 226 conditioned culture media from Vero cells stimulated with dsDNA onto untreated astrocytes 227 cells showed a 2.7-fold decrease in the average number of LDs per cell relative to control 228 untreated cells (Fig. 6F ). Perhaps, further demonstrating the presence of a secreted negative 229 regulator of LD biogenesis following dsDNA stimulation of astrocytes. 
LD Induction Following Nucleic Acid detection is EGFR Mediated

232
Phospholipase A2 (PLA 2 ) is an enzyme known to be a key player in LD biogenesis, where it 233 catalyses the hydrolysis of glycerophospholipids to release fatty acids from phospholipid 234 membranes which are then sequestered into the ER membrane leading to the maturation and assess whether EGFR was important in LD biogenesis following viral mimic stimulation, 244 primary immortalized astrocyte cells were treated with AG-1478, a well-described tyrosine 245 kinase inhibitor of EGFR 26 and stimulated with dsRNA and dsDNA to evaluate LD 246 induction. Astrocyte cells treated with AG-1478 demonstrated no induction of LDs after 247 stimulation with dsRNA or dsDNA, however, AG-1478 did not inhibit the induction of LDs 248 following oleic acid treatment, with LDs being induced approximately 5-fold ( Fig. 7C and 249 7D). Similarly, the treatment of MCF-7 cells (known to lack EGFR 27 ), also resulted in no 250 upregulation of LDs following stimulation with viral mimics but was able to upregulate LDs 251 in the presence of oleic acid ( Supplementary Fig. 7A and 7B ). However, the inhibition of 252 EGFR did not alter LD biogenesis post serum starvation ( Fig. 7E) , indicating that the EGFR 253 receptor is able to mediate the induction of viral mimic driven LDs, but not natural biogenesis 254 of LDs in astrocytes. Further downstream analysis also demonstrated that the EGFR mediated 255 induction of virally driven LDs relies on subsequent PI3K activation in the cell (Fig. S7 ).
256
A time course of LD induction in cells treated with AG-1478 demonstrated that at 8 hours, 257 there is no LD induction, confirming that the initial upregulation of LDs following nucleic 258 acid stimulation is dependent on EGFR. However, at 24 hours post-stimulation, there was a 259 2.5-fold increase in LD numbers in dsRNA stimulated cells, but not in dsDNA stimulated 272 We next wanted to understand the relationship between viral-induced EGFR driven LD 273 biogenesis and the regulation of IFN mRNA. Primary immortalised astrocytes were pre-treated with AG-1478 prior to being stimulated with dsRNA and dsDNA, and their ability to 275 upregulate IFN mRNA assessed. Both IFN-β, IFN-λ and viperin mRNA levels were 276 significantly downregulated at 8 hrs post nucleic acid treatment, with little change being 277 present at 24 hrs post-stimulation ( Supplementary Fig. 8A ). However, the results were more facilitating multiple cellular pathways and responses, however, their role in immunity 301 remains relatively unexplored. We have previously shown that loss of LD mass impairs the 302 antiviral response, and enhances viral replication 19 , however, the dynamic induction of LDs 303 and the mechanism responsible for this, as well as their role in the innate immune signalling 304 response, has not previously been characterised. It has previously been described that the accumulation of LDs can occur in leukocytes during 306 inflammatory processes, and that LDs are induced by a number of bacterial infections in 307 macrophages (reviewed in 2 ). The mechanisms behind such induction have been shown to be 308 dependent on toll-like receptor engagement, however, their role in the outcome of bacterial 309 infection is not known, and the exact mechanisms required for their induction remains elusive 310 2 . Recently, a role for LDs in the antiviral response was proposed for the mosquito, when 311 viral infection was shown to induce LD formation in the cells of the midgut 15 . As this is a 312 phenomenon that has never been observed in mammalian biology, we sought to understand 313 how and why LDs were induced following viral infection. 314 We analysed the dynamic induction of LDs post activation of innate signalling pathways in a the hypothesis that the accumulation of LDs may be an important antiviral response in the 340 mosquito. It is interesting to note, that the number, size and composition of LDs vary greatly 341 within cells in a homogenous population as well as in different cell types 32 and although all 5 342 cell types examined in this study were able to induce LDs upon activation of these pathways, 343 the degree in which they could achieve this differed ( Fig. 2B ). Furthermore, the average size 344 of LDs in different cell types was also shown to increase with the exception of LDs from 345 THP-1 macrophages (A cell type that already displays a large average size of LDs without 346 prior stimulation), perhaps demonstrating that there is an optimal size range for LDs in 347 respect to their functional importance following a viral infection. however, to our knowledge there have been no reports of other interferon species activating 374 LD upregulation. Interestingly, we found that both EGFR and PI3K, but not PLA 2 , were 375 driving the induction of LDs following viral infection, however this was not the case for LDs 376 induced by IFNs ( Fig. 7, Supplementary Fig. 7 ). EGFR has also previously been shown to 377 elevate LD numbers in human colon cancer cells 25 . Additionally, increases in LDs were 378 blocked by inhibition of PI3K/mTOR pathways, supporting their dependency on selected 379 upstream pathways. This fits with our findings that EGFR engagement plays a role in the 380 induction of virally induced LDs. As mentioned above, we also observed a bi-phasic 381 induction of LDs following dsRNA stimulation, which was firstly mediated by EGFR, in an 382 interferon independent mechanism, with a second wave of LDs being IFN inducible ( fig. 4 ).
Inhibition of EGFR driven LDs impacts IFN production and attenuates viral infection
383
It is interesting that this phenomenon was not observed following stimulation of cells with 384 dsDNA, potentially indicating slightly different biogenesis pathways, or alternately the co-385 induction of a negative regulator of LD biogenesis. Previous seemingly contradictory work 386 has identified both an inhibitory and stimulatory role for EGFR in type-I IFN production 41 387 42,43 . 388 We have shown that the upregulation of LDs following a viral stimulus plays an antiviral role 389 in the cell; and our work has demonstrated that this upregulation contributes to a heightened 390 type I and III interferon response in vitro. However, the exact mechanisms involved in this 391 heightened antiviral state still remain to be elucidated. One possibility is that the LD is being 392 utilised as a platform for protein sequestration that contributes to an enhanced IFN response.
393
Previous work from our team has extensively described the host protein, viperin as having 394 both broad and specific anti-viral properties, which are largely dependent on its localization 395 to the LD 44-47 . Viperin's presence on the LD has been shown to significantly enhance the 396 production of type I IFN following engagement of dsDNA receptors, as well as the TLR7/9 397 receptors 47,48 . It is plausible that there may still be undiscovered antiviral effectors that 398 require LD localisation.
399
There is an expanding appreciation for the roles of lipids in the antiviral response during were shaken overnight (180 rpm) and rinsed in fresh medium to remove non-astrocytic cells.
599
Astrocytes were subsequently detached using 5 mM EDTA (10 min at 37°C), plated onto 600 coverslips in 24-well plates at 1 × 10 4 cells per well, and incubated in a humidified 601 atmosphere at 36.5°C with 5% CO 2 overnight. A full medium change was performed to 602 remove non-adherent cells and medium was subsequently changed every 3-4 days thereafter 603 until cells were ready for use. 605 For enhancing lipid droplets: 606 Oleic acid (n-9 MUFA, C18:1) -a Long-chain fatty acid was used to increase LDs within Results are expressed as mean ± SEM. Student's t tests were used for statistical analysis 692 between 2 groups, with p < 0.05 considered to be significant. Experiments with 2 or more 693 experimental groups were statistically analysed using an ordinary two-way ANOVA with 694 multiple comparisons. All statistical analysis was performed using Prism 8 (GraphPad 
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Lipid droplet induction and treatments
